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Abstract
Essential trace metals like zinc (Zn), iron (Fe), and copper (Cu) play an important physiological role in the metabolomics 
and healthy functioning of body organs, including the brain. However, abnormal accumulation of trace metals in the brain 
and dyshomeostasis in the different regions of the brain have emerged as contributing factors in neuronal degeneration, Aβ 
aggregation, and Tau formation. The link between these essential trace metal ions and the risk of AD has been widely studied, 
although the conclusions have been ambiguous. Despite the absence of evidence for any clinical benefit, therapeutic chela-
tion is still hypothesized to be a therapeutic option for AD. Furthermore, the parameters like bioavailability, ability to cross 
the BBB, and chelation specificity must be taken into consideration while selecting a suitable chelation therapy. The data in 
this review summarizes that the primary intervention in AD is brain metal homeostasis along with brain metal scavenging. 
This review evaluates the impact of different trace metals (Cu, Zn, Fe) on normal brain functioning and their association 
with neurodegeneration in AD. Also, it investigates the therapeutic potential of metal chelators in the management of AD. 
An extensive literature search was carried out on the “Web of Science, PubMed, Science Direct, and Google Scholar” to 
investigate the effect of trace elements in neurological impairment and the role of metal chelators in AD. In addition, the 
current review highlights the advantages and limitations of chelation therapies and the difficulties involved in developing 
selective metal chelation therapy in AD patients.
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Introduction

The field of metallo-biology is wide, with diseases marked by 
abnormalities in metal transport proteins (Bush 2003). Overex-
pression of various metal ions and transport proteins plays an 
important role in the development of Alzheimer’s disease (AD). 
Conventionally, a number of metals have been suggested to be 
relevant to AD, each with varying amounts of preclinical and 
clinical evidence (Wang and Wang 2017). AD is a neurodegen-
erative condition of the central nervous system (CNS) that is 
complex and diverse and affects almost 36 million individuals 

worldwide (Fang et al. 2013; Cristóvão et al. 2016). In 2030 and 
2050, these figures will be 78 and 138 million, respectively, as 
per World Alzheimer’s report (Gauthier et al. 2021). Clinically, 
progressive memory loss, cognitive dysfunction, language mis-
interpretation, and personality changes are all manifestations of 
AD (Xu et al. 2016; Zhang et al. 2019). The development of 
amyloid-beta (Aβ) plaques in the brain is a major pathological 
feature of AD. The plaques consist primarily of Aβ peptides and 
of Zn2+, Cu2+, and Fe2+ trace metals (Bagheri et al. 2018). The 
cleavage induced by β and γ-secretases produces Aβ from amy-
loid precursor protein (APP), in which cleavage by β-secretase 
is thought to be the rate-limiting step. Furthermore, Aβ aggre-
gation may result in the formation of oligomers and plaques, 
with the oligomers being the more toxic form of Aβ (Dubois 
et al. 2016; Elmaleh et al. 2019). Amyloid oligomers have also 
been linked to tau-dependent microtubule disintegration (Taylor 
et al. 2021). Recent research suggests that tau hyperphospho-
rylation may play a dual role in AD neurodegeneration either 
by making cells more resistant to acute apoptosis or by increas-
ing intracellular tau accumulation, causing a variety of cellular 
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dysfunctions, including endoplasmic reticulum (ER) stress 
(Wang et al. 2020a, b). The presence of metals, which are pre-
sent in both the interior and periphery of known AD plaques, 
has been found to have a major effect on Aβ misfolding (Yang 
et al. 2019). There are currently no effective medications that 
can be used to safely reverse the mental deterioration of affected 
patients (Kabir et al. 2021a). Pharmacological techniques aim-
ing at decreasing brain metal ion and targeting Aβ-metal ion 
interactions may offer a huge potential for chelation therapy as 
the demand for novel and more effective medications for AD 
treatment continue to develop.

Iron (Fe) has the ability to serve as an electron donor 
or acceptor, making it an essential component of a broad 
variety of metabolic pathways, including cellular energy out-
put, proliferation, and differentiation, as well as a cofactor 
for many enzymes (Hentze et al. 2010). The most prevalent 
transition metal in the brain is Fe, which plays a key role in 
neurotransmitter synthesis, myelination, and mitochondrial 
activity (Hare et al. 2013; Huang et al. 2018). In a healthy 
brain, the Fe content is about 0.04 mg/g fresh tissue, with 
a concentration of 720 µM (Dalvi et al. 2021). Many neu-
rodegenerative conditions, including AD, are thought to be 
caused by a build-up of Fe in the brain, which causes cell 
death (Viktorinova and Durfinova 2021).

Zinc (Zn) is a trace metal that is required by humans 
and many other living species. It is the second most abun-
dant transition metal after Fe. As a cofactor for over 300 
enzymes and metalloproteins, Zn modulates gene transcrip-
tion and the antioxidant response. Zn content in the brain 
is estimated to be 150 μM, which is ten times higher than 
that of the serum (Wang et al. 2020a, b). Zn dysregulation 
impairs mental and physical development and learning skills 
in childhood (Prasad 2013). Excessive zinc reduces Cu and 
Fe absorption, boosting ROS generation in the mitochondria, 
altering metabolic enzyme activities, and triggering apop-
tosis (Brzozowska 1989; Furuta et al. 2016). At micromo-
lar concentrations, Zn inhibits Aβ induced neurotoxicity by 
preferentially precipitating aggregation intermediates (Garai 
et al. 2007). However, at high concentrations, Zn binding to 
Aβ may promote fibrillar Aβ aggregation and cause toxic-
ity both in vitro and in vivo (Lovell et al. 1999; Bishop and 
Robinson 2004; Rezaei-Ghaleh et al. 2011).

Copper (Cu) is an essential trace element for a variety of 
biological functions in living cells. It plays an important role 
in a variety of metabolic processes in the brain, including 
serving as an active site for cuproenzymes such as superox-
ide dismutase (SOD), cytochrome oxidase, ceruloplasmin 
(Cp), and tyrosinase (Barnham et al. 2004). The majority 
of Cu in the body is concentrated in the organs with high 
metabolic activity such as the brain, kidneys, heart, and liver. 
A total of 95% of Cu is bound to Cp, and the unbounded Cu 
acts as an oxidant, catalyzing the formation of highly reac-
tive hydroxyl radicals, which can damage DNA, proteins, 

and lipids (Uriu-Adams and Keen 2005). The Cu and Aβ 
oligomer complexes are capable of penetrating the neurons 
and can induce oxidative stress in different neuronal sub-
compartments. Excess Cu plays a crucial role in the etiology 
of AD (Baldari et al. 2020a).

Metal ion homeostasis is critical for sustaining normal 
brain processes. Changes in the complex balance of metal 
ions in the brain are closely associated with Aβ deposition in 
AD patients (Adlard and Bush 2018a). In the course of a vari-
ety of neurodegenerative illnesses, including AD, metal ions 
build improperly in the brain as aging progresses (Kabir et al. 
2021b). Metal dyshomeostasis has been related to the etiology 
of a variety of neurodegenerative disorders, most notably AD 
(Wang et al. 2020a, b). Based on the mislocalization of metal 
ions in AD patients, several clinical trials involving supple-
mentation, chelation, or regulation of metal ions have been 
performed (Adlard and Bush 2018a; Fulgenzi et al. 2020).

A chelator is a chemical molecule that can selectively 
bind to a specific ion forming a stable complex ring-like 
structure. Dietary supplements, radiopharmaceuticals, 
cleaning chemicals, cosmetics, plastics, fertilizers, aqua-
culture growth supplements, removal of toxic metals from 
the soil, and metal chelation therapy are just a few of the 
applications for metal chelating agents (Kim et al. 2019). 
Extracellularly, they may deplete the total pool of bioavail-
able metals or compete for metal ions as ionophores with 
endogenous ligands (Gromadzka et al. 2020). As a result, 
metal chelation therapy may now be considered a promising 
clinical treatment option for AD. Iron chelation therapy is 
a well-established treatment for Fe overload in thalassemia, 
sickle cell disease, and myelodysplasia patients who need 
regular blood transfusions (Killick 2017). Since iron chela-
tion therapy prevents neuronal death in a variety of animal 
AD models, it can also be extended for the treatment of AD 
(Rao et al. 2020; Shahandeh et al. 2020). Like iron chela-
tors, copper and zinc chelating agents are one of the most 
promising methods for regulating physiological Cu and Zn 
concentrations (Baldari et al. 2020a).

Recent research studies that have evaluated the role of 
metal levels in different stages of AD pathogenesis have 
only been studied in a few studies. Although there have been 
causal ties between theoretical grounds of chelation chemis-
try for treatments in AD, there are still missing links, a lack 
of relevant data, and strong conclusions about the benefits 
of metal chelation therapy in AD. It is reported that, when 
utilized to treat CNS illnesses, chelation therapy presents 
a number of general and particular problems (Shahandeh 
et al. 2020). Hence, the current paper discusses the asso-
ciation of the brain’s physiological transition metals along 
with the pathophysiology of AD. Furthermore, the review 
also provides insights on iron, copper, and zinc chelation 
therapies and the associated challenges with these metal 
chelation therapies.
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Metal Homeostasis in Brain Regulation

Metals can reach the brain through one of two routes: the 
blood–brain barrier (BBB) or the brain-cerebrospinal fluid 
barrier (BCSF). Metals can pass across the BBB as free ions 
by being carried by ion-specific transporters or by forming 
complexes with cysteine or other amino acids (Yokel 2006; 
Choi and Zheng 2009). Metal ion concentrations vary in 
different parts of the brain (Skalny et al. 2019). Metal ions 
are often concentrated in membrane metalloproteins or syn-
aptic vesicles in the brain (Das et al. 2021). Metal-binding 
biomolecules, such as metallothioneins and glutathione, are 
abundant in astrocytes, allowing them to sequester metal 
ions and reduce neurotoxicity (Gerhold et al. 2021). As they 
are the first type of cell to associate with metals when they 
move through the BBB, astrocytes in the brain aid in metal 
homeostasis (Tiffany-Castiglioni et al. 2011; Scheiber et al. 
2014). Metals such as Zn, Fe, and Cu are important for the 
biologically critical processes of the human body, including 
catalysis, protein structure stabilization, signal transmission, 
and metabolism. Because of the vital function of metals in 
the brain, strict control of metal homeostasis in the brain is 
important (Guanjun et al. 2019).

Role of Copper, Iron, and Zinc 
in the Pathophysiology and Neuropathology 
of AD

Iron (Fe2+,Fe3+)

Axonal projections ranging from the ventral hippocampus 
to the substantia nigra via the medial prefrontal cortex and 
the route of the thalamus, amygdala, and medial prefrontal 
cortex have recently been discovered to transport Fe across 
brain regions (Lei et al. 2019). While it has been shown 
that Fe translocation in this channel might affect anxiety 
behavior, the discovery also opens up a novel trafficking sys-
tem in which other pathways may occur and be disrupted in 
AD (Wang et al. 2019b). Between ferrous and ferric, iron’s 
valence state changes. This trait is necessary for physiology, 
but it can also be harmful as a cause of oxidative stress, 
specifically in an aerobic environment. As a result, Fe is 
closely regulated in the brain, where both Fe deficiency 
and excess can cause brain dysfunction (Bao et al. 2021; 
Peng et al. 2021). In the early stages of life, Fe deficiency 
slows down neurodevelopment and Fe overload causes early 
onset AD (also known as familial AD) (Wang et al. 2019a; 
Georgieff et al. 2019). Age-dependent Fe accumulation in 
the brain, on the other hand, is an unavoidable result of 
aging (Ijomone et al. 2020) and may lead to a variety of 
neurodegenerative disorders, including AD (Tuo and Guo 
2019). Lipofuscin also known as “aging pigment,” which 

contains exceptionally elevated concentrations of Fe as well 
as other metal ions controlled by oxidized peptide fragments, 
accumulates next to mitochondria in older neurons, yet its 
pathophysiological significance is uncertain. According to 
a major recent review, Fe accumulation in the inferior tem-
poral cortex was only seen in subjects diagnosed clinically 
with AD and reported post-mortem by standardized stand-
ards (Ayton et al. 2020). Because of small sample sizes, 
inconsistencies in the clinical and pathological diagnosis 
of AD, Fe depletion by fixatives, and low detection limits, 
reports of elevated Fe in post-mortem tissue were inconsist-
ent in previous research (van der Weerd et al. 2020; Loef 
and Walach 2021).

The most selective MRI modality for tissue Fe is quanti-
tative susceptibility mapping (QSM), according to experts 
(Du et al. 2018). Only those with elevated Fe on MRI and 
increased Aβ on positron emission tomography exhibited a 
significant negative link between entorhinal cortex volume 
and age (Foster et al. 2020). Fe accumulation in AD was 
found to be associated with cognitive dysfunction, tangle 
deposition, and Aβ deposition using QSM, indicating that Fe 
in CSF could be useful as a biomarker for AD progression 
(Lei et al. 2021).

Significant evidence reveals that in AD, the precise regu-
lation of brain Fe homeostasis has broken down, which is 
consistent with the link between brain Fe levels and neu-
rodegeneration. Fe pathways are prominently agitated in 
AD brain tissue, according to recent unbiased single-cell 
transcriptomics and proteomic studies (Zhou et al. 2020; 
Bai et al. 2020). The canonical Fe-controlling genes have 
been linked to the risk of AD in genetic studies. The TF 
gene coding polymorphism Pro570Ser has been linked to an 
increased risk of AD with an odds ratio of 1.2 (van Rensburg 
et al. 1993). The apolipoprotein variant (APOE-4), which 
has been linked to elevated brain Fe levels, is a significant 
genetic risk factor for AD (Fan et al. 2019). According to 
recent research, the canonical Fe-associated genes inter-
fere with the APOE-4 risk allele, increasing the risk of AD 
(Tisato et al. 2018). Cp, a protein that promotes cellular Fe 
export, has been shown to be downregulated in AD brain 
tissue, and transferrin protein levels have been found to be 
elevated in the frontal cortex of AD patients (Ashraf et al. 
2020; D’Mello and Kindy 2020).

Through the regulation of Fe transporter levels, hepci-
din (a peptide hormone) regulates dietary Fe absorption, 
recycling by macrophages, and release from hepatic stores, 
resulting in a decrease in Fe plasma levels (Yiannikourides 
and Latunde-Dada 2019). Hepcidin, a protein that disrupts 
the ferroportin (Fe exporter), has been discovered to be 
repressed in AD cortical tissue (Qian and Ke 2020). Hepci-
din is expressed in a variety of brain cells, and its function 
in brain homeostasis is complicated by the fact that it is 
a high expression in astrocytes and can indirectly alter Fe 
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homeostasis in neurons since it is expressed at BBB (Vela 
2018). In hippocampal neurons, hepcidin pre-treatment 
reduces the secretion of inflammatory cytokines caused 
by the Aβ peptide, and also the toxicity of astrocytes and 
microglia-conditioned media was reduced (Urrutia et al. 
2017). Indeed, in the APP/PS1 transgenic mouse model for 
AD, overexpression of hepcidin in astrocytes by an adeno-
affiliated virus (AAV) relieved neuropathology and cogni-
tion. (Overexpression of hepcidin by astrocytes decreases Fe 
entry into the brain and Fe accumulation in neurons resulting 
in less neuronal death in the cortex and hippocampus) (Xu 
et al. 2020).

The proteins APP and tau, which cause AD proteinopa-
thy, have been related to the metabolism of Fe (Ganguly 
et al. 2017). Tau-mediated APP trafficking regulates neu-
ronal iron (Fe2+) export in normal healthy conditions. Tau 
transports APP load here to the surface of neurons, where 
it engages with and stabilizes ferroportin, allowing Fe to be 
exported from neurons. Fe export from neurons is impaired 

by a reduction in soluble tau or a familial AD (FAD) muta-
tion in APP, resulting in the retention of Fe. When β-site 
amyloid precursor protein cleaving enzyme 1(BACE1) 
cleaves APP, ferroportin fails surface stabilization resulting 
in the buildup of Fe (Fig. 1) (Tsatsanis et al. 2019).

Another physiological interaction between APP and Fe 
homeostasis is with heme-oxygenase 1 (HO-1), an intracel-
lular enzyme responsible for the breakdown of heme into 
free Fe2+, carbon monoxide, and biliverdin. While HO-1 can 
alleviate oxidative stress by reducing the load of pro-oxidant 
heme, excessive HO-1 activity can produce oxidative stress 
and promote ferroptosis by exposing the cytoplasm to exces-
sive Fe2+. HO-1 levels have repeatedly been found to be 
higher in astrocytes AD-affected brain tissue, but lower in 
plasma and CSF (Schipper et al. 2019). It has been dem-
onstrated that APP inhibits HO-1 and HO-2, with the FAD 
mutant APP species binding with higher affinity (Takahashi 
et al. 2000). Tau protein has also been shown to facilitate 
Fe export in conjunction with APP. Soluble tau levels have 

Fig. 1   Diagrammatic illustration of abnormal iron (Fe2+, Fe3+) accumulation/metabolism and ferroptosis in AD
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been shown to be lower in AD patients, and in mice, this loss 
induces Fe accumulation and, as a result, neurodegeneration, 
which can be rescued with iron chelation or antioxidant sup-
plementation (Lei et al. 2012; Singh et al. 2019). Fe can also 
boost APOE secretion by influencing its expression at both 
the posttranscriptional and transcriptional stages in neurons 
and astrocytes (Xu et al. 2016). Overall, these findings sug-
gest that dyshomeostasis of Fe is linked to the proteins most 
involved in AD pathology.

Fe can play a role in the pathology of AD in a variety of 
ways. Elevated concentrations of Fe in senile plaques and 
co-localization with tangles suggest that Fe can play a role 
in plaque and tangle formation (Telling et al. 2017; Everett 
et al. 2018). It induces Aβ aggregation in cell-free structures, 
resulting in neuronal toxicity (Galante et al. 2018). The tox-
icity of Aβ-iron (Fe-Aβ) complexes may also be due to the 
specific structure of the induced aggregation of Aβ, which is 
likely to trigger cell death pathways (Kuperstein and Yavin 
2004; Liu et al. 2011). Accumulation of Fe (e.g., from aging 
or from BACE1 processing of APP) increases the reaction 
of cytoplasmic Fe2+ with H2O2 to produce the hydroxyl 
radical (HO, Fenton chemistry), which then interacts with 
PUFA-containing membrane phospholipids, producing lipid 
peroxides and triggering lipid radical propagation, causing 
ferroptosis. This process is induced by auto-oxidation, but 
Fe-dependent ferroptosis can also be triggered by arachi-
donate lipoxygenase 15 (ALOX15) mediated phospholipid 
peroxidation (Fig. 1) (Doll and Conrad 2017).

Since phosphate groups have a high affinity for Fe3+, 
hyperphosphorylated tau can be isolated from post-mortem 
AD brain samples using this affinity (Ping et al. 2020). So, 
while tau phosphorylation separates tau from microtubules, 
increased cytosolic Fe3+, as seen in aging and AD, can neu-
tralize the charge on the phosphates and promote aggrega-
tion. Finally, the gliosis that characterizes AD pathology can 
play a role in harmful Fe-mediated reactions (Peters et al. 
2018; Lei et al. 2021).

These findings show that Fe may play a role in AD patho-
genesis either by accumulating in the tissue, binding to the 
amyloid or tangle proteinopathy, causing the proteinopathy, 
or cooperating with the proteinopathy. As a result, targeting 
Fe as a therapeutic strategy for AD may be a viable option.

Copper (Cu+, Cu2+)

Higher Cu deposition has been observed in the brains of 
AD patients. Cu transporter 1 (CTR1) regulates Cu uptake, 
and ATP7A and ATP7B regulate Cu efflux in all cells 
(Curnock and Cullen 2020). Cu2+ is taken up by CTR1 
and exported by ATP7A/B in neurons. Extracellular Cu2+ 
can be entrapped by Aβ oligomer, which then instills in 
the membrane, generating a catalytic complex that pro-
duces H2O2. Due to its permeability, H2O2 can deplete 

antioxidants like GSH and denature SOD. Levels of Cu in 
bulk tissue are reduced, which leads to Cp activity being 
reduced. However, in AD-affected tissue, the fraction of 
cytoplasmic-free Cu+ increases, which could lead to tau 
hyperphosphorylation through Cyclin-dependent kinase 5 
(CDK5) or glycogen synthase kinase-3 (GSK3) activation 
(Lei et al. 2021). ATP7B gene mutation causes an increase 
in the Cu non-bound to Cp, generally observed in Wilson’s 
disease. A recent study compared the healthy control with 
patients suffering from frontotemporal lobar degeneration 
(FTLD) and AD. It revealed that ATP7B mutation causes a 
decline of Cu-ATPase function in AD specifically and not 
in other types of dementia. Therefore, ATP7B mutation 
also tends to increase the risk of AD (Rongioletti et al. 
2018). The role of Cu in the normal neuronal function and 
repercussions on its dysregulation is illustrated in Fig. 2 
(Mercer et al. 2017).

During neurotransmission, the concentration of Cu in the 
synapse increases temporarily. Cu released at micromolar 
amounts from copper-containing vesicles affects synaptic 
functioning as synaptic depolarization develops (Wang et al. 
2020b). Once released into the synaptic cleft, it can act as a 
high-affinity blocker of the N-methyl-D-aspartate receptor 
(NMDA) and glutamatergic α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPA), resulting in a 
significant reduction of glutamate-mediated neurotransmis-
sion (Dodani et al. 2014). Cu may also affect neurotrans-
mission and neuronal excitability via altering the activity 
of Gaba aminobutyric acid (GABA) and P2X receptors, 
either directly or indirectly. Additionally, Cu has the ability 
to regulate the trafficking of synaptic vesicles and protein 
interactions, whereas neurotransmission can affect Cu traf-
ficking and delivery in neuronal cells (Wang et al. 2020a, b).

The copper-Aβ (Cu-Aβ) interaction was initially discov-
ered in 1994, when Cu2+ was found to significantly increase 
the production of soluble dimers of Aβ at neutral pH (Bush 
et al. 1994). APP is a metal-binding protein with two Zn2+ 
and Cu2+ binding domains in its N-terminal. It has also 
been shown to convert oxidized Cu2+ to reduced Cu+. APP 
dimerization and trafficking, as well as APP expression, 
processing, and production of Aβ, are all associated with 
Zn2+ and Cu2+ (Kawahara et al. 2020). In cortical neuronal 
cultures obtained from BL6Jx129sv mouse, the Cu-Aβ inter-
action could form a catalytic redox-cycling complex which 
integrates into the lipid membrane and recruits substrates 
like cholesterol to produce hydrogen peroxide and enhance 
oxidative stress, both of which induce neurotoxicity (Huang 
et al. 1999; Opazo et al. 2002; Curtain et al. 2003). In vitro, 
Cu binds to tau protein, promotes aggregation, and can pro-
duce hydrogen peroxide, similar to the effect of binding Aβ 
(Su et al. 2007; Martic et al. 2013).

Cu levels have been shown to be lower in AD-affected 
brain tissue than in healthy control tissue (Rembach et al. 
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2013; Xu et al. 2017a). Despite a decrease in total Cu in AD-
affected tissue, the proportion of loosely bound exchange-
able Cu ions improved, indicating a disruption in the typical 
Cu coordination environment of the tissue. Cu distribution 
is deficient in the cells, but excess Cu is trapped in the extra-
cellular plaques. This excess Cu can promote Aβ production 
and tau hyperphosphorylation along with the aggregation of 
vulnerable peptides (Wang et al. 2020a, b; Lei et al. 2021). 
Copper chelation solubilized Aβ from the insoluble portion 
of AD-affected brain tissue, suggesting that peptide aggre-
gation could be reverted by chelation, indicating proof of 
concept of pharmacological targeting of the metal center for 
reverting amyloid development (Cherny et al. 1999). A cop-
per chelator inhibited Aβ accumulation and overexpression 
in Caenorhabditis elegans, protecting the organism from Cu 
poisoning (Ejaz et al. 2020; Pretsch et al. 2020). Treatment 
with Cu, copper chelation therapy, as well as reducing the 
Cu transporters (Ctr) CtrlB or CtrlC or overexpressing the 
cellular Cu-exporter DmATP7, reduces the generation of 
Aβ oligomers and the amount of oxidative stress in an Aβ 
transgenic drosophila model, improving motor deficits and 
increasing lifespan (Lang et al. 2013). Cu-targeting chelation 
therapies have been shown to enhance memory deficits in 
the Tg2576 mouse (Ceccom et al. 2012; Esmieu et al. 2019).

Transgenic mice models for AD have shown low levels of 
Cu in their brain when compared with controls (Kabir et al. 
2021b). Similarly, the post-mortem reports of the patients 
suffering from AD indicated lower levels of Cu when com-
pared to the normal brains (Liu et al. 2019; Huat et al. 2019). 
According to several studies, increasing brain Cu levels had 
been suggested to suppress amyloid pathology and therefore 

was suggested to be a therapeutic strategy in the treatment 
of AD (Bayer et al. 2003; Phinney et al. 2003). However, 
based on these findings, a phase 2 randomized clinical trial 
of copper orotate supplementation in minimally affected AD 
patients was conducted. This Cu treatment did not show any 
significant effect (Kessler et al. 2008). Also, oral administra-
tion of Cu in a triple-transgenic mouse (mutant APP/PSEN/
Tau) model of AD, increased tau hyperphosphorylation by 
activating CDK5 (Kitazawa et al. 2009). Furthermore, Cu-
enriched drinking water has been shown to exacerbate cogni-
tive dysfunction and worsen neurodegeneration in wild-type 
rats and Tg2576 and 3xTg-AD mice (Behzadfar et al. 2017; 
Yao et al. 2018; Chen et al. 2019).

Zinc (Zn2+)

In the brain, 80 to 90% of Zn is tightly associated with pro-
teins in order to produce enzymatic activity or structural 
stability, and the proteome has identified roughly 2800 Zn-
binding proteins. A small amount of Zn is concentrated in 
synaptic vesicles (> 100 M) at glutamatergic nerve termi-
nals. It is released synaptically upon the neuronal activity, 
influencing synaptic transmission and a range of biologi-
cal functions (Paoletti et al. 2009). Zn has high flux at the 
synapse and contributes to synaptic plasticity, and Zn at 
presynaptic and postsynaptic sites modulates long-term 
potentiation (LTP) in the hippocampus. Synaptic Zn turno-
ver is an important factor for maintaining cognitive balance. 
This vigorous turnover of Zn decreases with aging, implying 
that Zn dysregulation may play a role in cognitive decline 
(Datki et al. 2020).

Fig. 2   Copper (Cu+, Cu2+) dys-
regulation pathways in AD
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Metallothionein 3 (MT3) is a key participant in maintain-
ing Zn homeostasis in the brain, where Zn is chelated as metal 
thiolate clusters. The Zn in MT3 can interchange with Cu in 
the Cu-Aβ complex, reducing the oxidative damage caused 
by the Cu-Aβ complex, and Zn2+ can also preserve sulfhydryl 
groups in cells from oxidation (Wang et al. 2020b). There-
fore, Zn or MT3 downregulation, as seen in AD neurons, may 
result in oxidative damage. Under pathological situations, 
excess Zn is released from presynaptic neurons and astro-
cytes, inducing NADPH-oxidase activation and ROS forma-
tion in neurons, along with microglial activation and neuronal 
death (Furuta et al. 2016). Moreover, since Zn2+ suppresses 
numerous enzymes, an abundance of Zn can induce a num-
ber of metabolic diseases by interfering with related enzyme 
activity. Zn2+ is extremely sensitive to the mitochondrial 
respiratory chain, and an increase in Zn2+ in mitochondria 
increases ROS production. Excessive Zn, which can be pro-
duced as a result of increased metalloprotein release, can 
enhance Aβ production and deposition (Wang et al. 2020a, 
b). Depending on the Aβ/Zn ratio, Zn2+ can stimulate vari-
ous types of Aβ aggregates: stoichiometric Zn concentrations 
stimulate non-fibrillar aggregates nourished in the revers-
ible alpha-helical conformation, whilst substoichiometric Zn 
accumulation induces fibrillar, Beta-sheet–enriched clusters 
as a result of seeding (Lei et al. 2021). Zn levels in plaques 
in AD can reach 1 mM, demonstrating that Zn2 + aggregates 
soluble Aβ in vivo. Zn levels are higher in plaques of APP/
PS1 mice as determined by Timm’s stain and X-ray fluores-
cence microscopy, plaques of Tg2576 mice as determined by 
metallomic imaging mass spectrometry, and plaques inside 
the amygdala of old macaques as measured by metallomic 
imaging mass spectrometry (Lei et al. 2021).

Zn2+ enters the cytoplasm of neurons through ZIPs, while 
ZnTs regulate outflow from the cytoplasm. Although there are 
several varieties of ZIPs and ZnTs expressed in neurons, ZnT3 
has been linked to cognitive decline and amyloid production 
in AD. ZnT3 elevates Zn2+ in glutamatergic synaptic vesi-
cles, which are then taken up by unknown energy-dependent 
mechanisms. Mitochondrial energy declines with age, result-
ing in sluggish extracellular Zn2+ reuptake. When estrogen 
levels drop, as they do during menopause, ZnT3 protein levels 
rise, likely boosting Zn2+ release. Extra-cellular Zn2+ bonds to 
Aβ, enabling it to clump and then become trapped within the 
amyloid. Intracellularly, metallothioneins, being the primary 
Zn2 + -buffering peptides, regulate free Zn2+ levels, while 
metallothionein III levels in neurons are reduced in AD. By 
activating CDK5, GSK3, ERK1/2, or JNK kinases and sup-
pressing PP2A activity, increased cytoplasmic-free Zn2+ pro-
motes tau phosphorylation (Lei et al. 2021). The dysregulation 
of Zn is shown in Fig. 3.

Changes in the expression of various Zn transporter 
(ZnT) proteins have been observed in studies of postmor-
tem brain tissue from AD patients. In the frontal cortex of 
AD patients as well as APP/PS1 mice, ZnT10 protein levels 
were reduced compared to the control (Xu et al. 2019). ZnT6 
protein levels were shown to be higher in the hippocampus 
and parahippocampal gyrus region of pathologically proven 
AD patients. Also, ZnT1 levels were considerably lower in 
the same area (Lyubartseva et al. 2010). There have been 
multiple reports of Zn interacting with the other key proteins 
linked to AD. Zn has been shown to increase the expression 
of presenilin 1 and impact the stability of apolipoprotein 
E (ApoE), specifically ApoE4 (Uddin et al. 2019). Zn can 
control the production of Aβ by modifying the secretases 

Fig. 3   Diagrammatic illustra-
tion of zinc (Zn2+) dysregula-
tion pathways in AD
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accountable for it. The activities of beta-secretase, a dis-
integrin, and metalloprotease 10 that are essential for APP 
cleavage into the non-amyloidogenic cascade are performed 
by a Zn metalloproteinase, and alteration of its Zn bind-
ing domain prevents it from working. In vitro studies have 
reported the reduction of β-secretase activity by an increase 
in the APP-C99 fragment dimerization, implying that Zn 
consumption could limit Aβ production (Hoke et al. 2005; 
Gerber et al. 2017).

Chelation Therapy Targeting Excessive 
Accumulation of Essential Metals 
in the Brain

As mentioned earlier, metal dyshomeostasis is considered 
to play an important role in the pathology of AD, and the 
rebalancing of metal homeostasis may be a therapeutic 
option for the management of AD (Ben-Shushan and Miller 
2021). Chelation therapy has been suggested as a treatment 
for reducing abnormal accumulations of critical heavy met-
als like Fe, Cu, and Zn, as well as non-essential and toxic 
metals like lead (Pb), mercury (Hg), and cadmium (Cd) 
(De Benedictis et al. 2019). Metal chelators can sequester 
metal ions and transport them away from the lesion site, 
preventing them from engaging in redox chemistry or facili-
tating Aβ aggregation (Chaves et al. 2021). They have the 
ability to trap and bind metal ions by forming two or more 
coordinate bonds with a single metal ion (Guanjun et al. 
2019). Apart from simple chelating agents, multifunctional 
molecules with various targets have emerged as intriguing 
treatment alternatives to conventional AD treatment (Sharma 
et al. 2018). These multifunctional compounds have one 
or a few molecules with chelating capabilities. By remov-
ing metal ions from circulation and lowering intracellular 
concentrations of redox-active metal ions, multifunctional 
drugs generally fulfill the chelation principle. Also, metal 
protein attenuating compounds possessing lower affinities 
with metal ions can control the generation of ROS species 
(Ritchie et al. 2004). These compounds not only help to limit 
metal-protein interaction, but they also assist to solubilize 
Aβ protein and protect it from oxidative stress-induced dam-
age (Fasae et al. 2021). As a result, the evolution and devel-
opment of multitarget ligands have become a significant 
focus for therapeutic candidates for AD (Rana et al. 2018; 
Wang et al. 2018).

Iron chelators have therapeutic potential beyond their cur-
rent use in those who require chronic blood transfusions, as 
our understanding of the accumulation of Fe and ferroptosis 
in neurodegenerative disease has improved. Although the 
pathophysiological mechanisms underlying part of Fe in 
the development of AD are still being unraveled,the accu-
mulation of Fe has been strongly linked to the disease’s 

pathogenesis. Deferoxamine, deferiprone, and deferasirox 
are the three FDA-approved iron chelators currently avail-
able. The properties of these chelators are listed in Table 1.

Deferoxamine, a potent iron chelator, has been shown 
in various animal studies to enhance memory by inhibit-
ing amyloidogenic APP processing and Aβ aggregation. 
In P301L tau transgenic mice, intranasal deferoxamine 
increases efficiency in the radial arm water maze, stabi-
lizes HIF-1α, and phosphorylates GSK3 (Fine et al. 2012). 
It also reduces synapse loss in APP/PS1 transgenic mice’s 
brains by upregulating the P38/HIF-1α pathway (Guo 
et al. 2015). In 1991, a 2-year, single-blind study includ-
ing 48 patients evaluated the role of deferoxamine (i.m.) 
for aluminum chelation as a therapy for AD. The effects 
of deferoxamine (125 mg) administered twice daily for a 
period of 24 months were compared to the oral placebo and 
no-treatment group. According to their findings, deferox-
amine decreased the rate of clinical progression of AD and 
also reduced the rate of cognitive decline in AD patients 
as measured by home-behavioral assessment. There was 
a significant reduction in the rate of cognitive decline in 
the treatment group when compared to the placebo and 
no-treatment group (McLachlan et al. 1991). It has been 
shown to inhibit APP holoprotein translation via IRE in the 
5′-untranslated region of the APP transcript and enhance 
certain cognitive functions in AD patients when injected 
intramuscularly (Rogers et al. 2002). On AD models, the 
preclinical chelator DP-109 has been found to be effec-
tive. It tended to improve the solubility of Aβ in the cer-
ebrum in 3-month mouse experiments with Tg2576 mice, 
reducing the amount of Aβ aggregates (Lee et al. 2004). 
Deferiprone, a lipid-soluble iron chelator, is one that can 
cross the blood-neural barrier and chelate inadequately 
compartmentalized Fe within the CNS. In phase 2 investi-
gations, deferiprone, an orally accessible brain permeable 
iron chelator, reduced brain iron in children with neurode-
generation caused by a mutant pantothenate kinase (Neuro-
degeneration with brain iron accumulation type 1) (Ayton 
and Bush 2019; Klopstock et  al. 2019). Also, clinical 
benefits of using deferiprone were reported in adults with 
Parkinson’s disease in phase 2 studies (Devos et al. 2014; 
Martin-Bastida et al. 2017). The 3D study (deferiprone 
to delay dementia 2017–2021) is a randomized, placebo-
controlled, multicenter study that aims to see whether treat-
ing AD patients with deferiprone (30 mg kg−1 day−1) for 
52 weeks will slow cognitive decline or not is still going 
on (NCT03234686) (Adlard and Bush 2018b).

Cu and Zn levels have been shown to be modulated by 
various chelating drugs through various mechanisms. Penicil-
lamine and trientine form complexes which can be excreted 
in the urine. Cu biliary excretion is aided by tetrathiomolyb-
date (Baldari et al. 2020a). The most common properties of 
copper and zinc chelating agents are summarized in Table 2.
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Clioquinol and PBT2, which target the metal ion in 
Cu-Aβ beta complexes (as well as zinc—Aβ complexes), 
have been explored in preclinical animal models of AD. 
These are ionophores that facilitate Zn2+ and Cu2+ uptake. 
Clioquinol and PBT2 both counteract cognitive impairment 
in aging ZnT3 knockout mice and normal mice (Adlard et al. 
2015; Lei et al. 2021). Tau phosphorylation and aggregation 
are said to be aided by free Zn2+. PBT2 interacts with acces-
sible Zn2+ and Cu2+ to increase Aβ aggregate dissolution, 
absorption, and degradation. PBT2 also inhibits Aβ from 
binding Zn2+ and Cu2+, neutralizing the metal ion’s charge 
and enabling it to pass through cell membranes passively. 

This promotes the recycling of Zn2+ and Cu2+ from the syn-
aptic cleft, harmonizing functional fluxes and intracellular 
metal accumulation.

Cu comprising bis-thiosemicarbazone can act as an 
ionophore, transport Cu in neurons, and lower the level of 
Aβ in cell culture and animal models of AD (Pyun et al. 
2022). It can also enhance neurite elongation and prevent 
cognitive deficits in APP and PS1 mice (Bica et al. 2014; 
Haque et al. 2019). CuATSM is a small synthetic molecule 
that can pass the blood–brain barrier and transport copper 
to cells bearing damaged mitochondria. Chemically, it is a 
bis-thiosemicarbazone complex with two methyl groups on 

Table 1   Pharmacological 
properties of iron chelators

Iron chelator Deferasirox Deferoxamine Deferiprone 
Structure  

 
 

 
 

 

 
 
    

          

Pharmaceutical 

company 

Novartis Novartis Apotex 

Brand Name EXJADE® JADENU® DESFERAL® FERRIPROX® 

Standard dose 

(mg/kg/day)  

10–40 20–60 75–99 

Plasma half-life Long 

(8-16 hrs) 

Short 

(20 min) 

Moderate 

(2hrs) 

Schedule Once daily 8–12 hr/day, 

5–7 days/week 

Three times daily 

Route of 

administration 

Oral Subcutaneous, intramuscular or intravenous Oral 

Disease 

consideration 

Chronic iron overload 

caused by blood  

Acute iron intoxication Chronic iron overload 

caused by blood transfusions 

Chronic iron overload 

caused by blood 

transfusions 

transfusions, Chronic iron 

overload in 

non-transfusion-dependent 

thalassemia 

syndromes

Route of iron 

excretion

Stool Urine and stool Urine

Mechanism of 

action

Chelating agent that targets 

Fe3+. In a 2:1 ratio, it binds 

iron with high affinity. 

Zinc and copper have a 

very poor affinity for it.

It readily chelates iron from ferritin and 

hemosiderin but not from transferrin, and it 

does not bind iron from cytochromes and 

haemoglobin.

Chelating agent with 

a ferric ion affinity. It 

forms neutral 3:1 

deferiprone:iron 

complexes with ferric 

ions. It binds to zinc, 

copper with a lower 

affinity than iron.

Adverse or side 

effect

Local inflammatory 

reaction at the infusion site, 

visual and auditory 

disturbances, allergic 

reaction and 

pulmonary symptoms with 

high 

dosages

Gastrointestinal manifestations, skins 

exanthem, increase creatinine levels, 

potentially fatal renal and hepatic 

impairment or failure

Agranulocytosis, 

increase of liver 

transaminases levels, 

arthropathy, hepatic 

fibrosis

Reference (Yang et al. 2012) (Farr and Xiong 2021) (Barman Balfour and 

Foster 1999)
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the di-imine backbone. In the absence of a methyl group, 
it is termed CuGTSM. CuGTSM and CuATSM have been 
explored in animal models of AD. CuGTSM has a sub-
stantially lower affinity for Cu2+ than CuATSM, but it is 
far more effective in correcting cognitive impairment in an 
APP/PS1 transgenic mice model (Crouch et al. 2009). This 
advantage may be due to the increased dissociation of Cu 
after cellular uptake, which has an effect on GSK3β activ-
ity (Crouch et al. 2009). PET imaging with 64CuGTSM and 
64CuATSM showed substantially increased Cu uptake in the 
brains of an APP/PS1 transgenic mouse model as compared 
to wild-type controls for 64CuGTSM but not for 64CuATSM. 
Furthermore, no association to amyloid plaques was seen 
after the treatment of AD brain regions (Fodero-Tavoletti 
et al. 2010). CuATSM had little effect on the APP/PS1 
mouse model, but its PET radioligand identifies neurode-
generation in Parkinson’s disease and amyotrophic lateral 
sclerosis patients, and it has recently been shown to inter-
act with the lipid peroxyl groups formed during ferroptosis 
(Southon et al. 2020). Therefore, copper chelating agents 
or metal protein attenuating compounds may be a possible 
therapeutic alternative for AD patients.

Pro‑Chelators and Pharmacological Properties 
of Molecules with Multi‑Functionality

Pro-chelators are compounds that improve the targeting 
of metal-binding agents in AD (Gleason and Bush 2021). 
This can be achieved by attaching moieties to improve BBB 
permeability and providing a group that can be activated 
by external triggers (ROS, enzymes) to promote metal ion 
binding (Wang and Franz 2016). One study developed stim-
ulus-responsive pro-chelators in neurodegeneration. BSIH, 
a salicylaldehyde isonicotinoyl hydrazone chelator masked 
with a boronic acid pinacol ester has been synthesized. BSIH 
is a ROS-responsive pro-chelator that is activated by hydro-
gen peroxide to release free phenol and activate metal bind-
ing (Charkoudian et al. 2006). Furthermore, an enzymatic 
approach for the activation of chelators was developed. In 
this study, the β-secretase substrate, when activated by an 
enzyme, produces an ATCUN binding motif possessing 
a high affinity for Cu. This compound, upon activation, 
sequesters Cu from Aβ plaque due to which Cu-promoted 
Aβ accumulation can be reversed (Folk and Franz 2010). 
One study conjugated deferiprone derivatives to glucose, 

Table 2   Pharmacological 
properties of copper and zinc 
chelators

Copper/Zinc chelator D-penicillamine
(DPA)

Trientine: 
triethylenetetramine
Dihydrochloride
(TETA)

5,7-Dichloro-
2[(dimethylamino)
methyl]quinolin-8-ol
(PBT2) (Krishnan et al. 

2018)

Structure

Pharmaceutical company Bausch Health Bausch Health Prana Biotechnology 

Limited

Brand Name CUPRIMINE® SYPRINE® NA

(Investigational drug)

Standard dose

(mg/kg/day) 

30 n. a.

(750-1250 mg/day)

NA

Half-life 1 hr 2-4 hrs NA

Schedule Once daily Two to three times a day NA

Route of administration Oral and intravenous Oral NA

Disease consideration Chronic copper overload Chronic copper overload Chronic copper, zinc

overload 

Route of copper excretion Urine Urine NA

Mechanism of action Chelating agent which in-

vitro can combine with

Cu2+ in 2:1 ratio. Reduces 

excess cystine excretion.

Chelating agent binds Cu2+ very 

tightly. It is also able to complex 

with Fe and Zn in vivo.

Chelating agent dissociates 

Zn2+ and Cu2+ and prevent 

their trapping by Aβ.

Adverse or side effect Disrupt immune system, 

connective tissue and

kidneys. May worsen pre-

existing neurological 

problems 

Iron deficiency, systemic lupus 

erythematosus.

NA

Reference (Lawson et al. 2016, Říha 

et al. 2013)

(Baldari et al. 2020b) (Krishnan et al. 2018)
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concealing its chelating groups to prevent systemic metal 
binding but facilitate the crossing of the BBB via glucose 
receptors (Schugar et al. 2007). Another study described 
the attachment of carbohydrate moieties to chelators to aid 
in BBB transport via glucose transporters while restrict-
ing metal ion binding until the carbohydrate moieties were 
removed by a β-glucosidase enzyme (Storr et al. 2007). A 
series of 8-hydroxyquinoline pro-chelator derivatives with 
a hydroxyl group substituted with tetra-O-acetyl- and tetra-
O-benzyl-β-dglucopyranoside and galactopyranosides was 
described. In this work, deglycosylation of glycosyl-substi-
tuted 8-hydroxyquinoline derivatives was produced by the 
addition of Cu2+, Zn2+, and Fe3+ (Chang and Ho 2006).

Owing to the multi-factorial nature of AD, various com-
pounds and molecules with multiple functions have been 
designed. Pyclen (tetraazamacrocycles) and its derivatives 
have been described as antioxidants with the ability to sup-
press metal-induced Aβ formation, metal ion chelation, and 
protection against ROS-induced cell death (Green et  al. 
2010; Lincoln et al. 2013). In vitro biological investigation 
of series deferiprone-resveratrol hybrids revealed strong 
antioxidant activity, good inhibitory activity against self-
induced Aβ aggregation in the micro-molar range, and a 
robust metal chelating capacity (Xu et al. 2017b). Multifunc-
tional compounds based on the natural product coumarin’s 
ring structure fused to a metal binding moiety were created. 
The prime molecule from this series was able to bind Cu2+ 
demonstrated by UV–Vis spectroscopy and was also able to 
inhibit MAO-A and MAO-B (Huang et al. 2015). Another 
study broadened a family of coumarin-fused metal chelating 
compounds by joining the scaffolds at a different points on 
the coumarin ring. The best molecule from this series was 
able to inhibit MAO-A and MAO-B more potently and also 
revealed Cu2+ binding activity along with radical scavenging 
and anti-oxidant activity (Wang et al. 2015). The study focus-
ing on multi-target directed ligand properties synthesized a 
novel series of compounds by integrating pharmacophores 
of resveratrol and clioquinol, which demonstrated excellent 
multi-target directed ligand properties with significant ability 
to bind Cu2+ with potential anti-oxidant activity (Mao et al. 
2014). In their design of multifunctional molecules, one study 
used the aurone scaffold, onto which they directly installed 
metal chelating groups using the incorporation technique. The 
best molecule from this series was able to inhibit MAO-A 
and MAO-B with inhibition of Cu2+ induced Aβ aggregation 
(Li et al. 2016). Pyridoxine and resveratrol hybrids contain-
ing mannich base moieties were produced and found to pref-
erentially inhibit acetylcholinesterase, MAO-B, and display 
antioxidant activity (Yang et al. 2017). Thus, multi-functional 
compounds not only assist in inhibiting metal-protein interac-
tion, but they also help to solubilize Aβ protein and hence can 
be promising candidates in AD therapy.

Opportunities and Challenges in Essential 
Metal Chelation Therapy in AD Patients

Chelation therapy has a range of distinctive challenges 
when used to treat CNS diseases (Shahandeh et al. 2020). 
The chelator of choice must be well absorbed through the 
digestive system and should bind only to the specific metal 
ion and not to other biologically important divalent met-
als such as calcium (Ca2+) and magnesium (Mg2+). Also, 
chelation therapy has some toxic effects. In certain cases, 
iron chelation therapy has been shown to cause retinal tox-
icity. The incidence of retinal pigment epithelium mottling 
in patients receiving chronic deferoxamine for conditions 
such as transfusion-related hemosiderosis ranged from 1.2 
to 9% (Cohen et al. 1990; Baath et al. 2008; Di Nicola et al. 
2015). Deferoxamine at high doses has been linked to ocular 
toxicity (Dunaief 2006). The causes of retinal toxicity in 
some patients, as well as the mechanism by which it occurs, 
are unknown. The retinal pigment epithelium tends to be 
the primary site of deferoxamine ocular toxicity (Haimovici 
et al. 2002; Klettner et al. 2010). These findings highlight the 
importance of routine ocular monitoring and screening for 
chelation therapy patients. Furthermore, iron chelation as a 
therapeutic intervention for retinal disease would necessitate 
careful dose titration and/or the use of new compounds with 
better safety profiles. Current FDA-approved iron chelating 
agents which have been on the market for nearly 50 years 
have certain adverse effects. However, they have been ben-
eficial in extending the life expectancy of thalassemia and 
haemochromatosis patients (Vitrano et al. 2017). The pre-
scription of metal chelators must be based on the risk-to-
benefit ratio (Origa 2017). Cu combines with other metals 
in amyloid plaques, as a result, there is an overall deficiency 
of Cu in the neuronal cells but an overload in the extracel-
lular plaques. According to recent research, intracellular Cu 
deficit increases Aβ formation, whereas extracellular Cu2+ 
pooling promotes Aβ precipitation. Eventually, neither cop-
per chelation nor copper supplementation is likely to lead 
to anticipated benefits (Lei et al. 2021). D-penicillamine, 
ionophore PBT2, and clioquinol have been used in small 
sample-size clinical trials in AD patients and have reported 
several adverse effects as depicted in Table 3. However, 
larger trials are still required to demonstrate the cognitive 
efficacy of these chelators.

In 2018, the National Institute on Aging-Association 
Alzheimer’s (NIA-AA) presented A/T/N diagnostic criteria, 
which included Aβ, p-tau, t-tau in CSF, and positron emis-
sion tomography (PET). However, due to the invasiveness of 
lumbar puncture for CSF measurement and the lack of popu-
larity of PET, researchers are looking for biomarkers that 
are minimally invasive, easy to collect, and cost-effective 
(Feng et al. 2021). Xu et al. used inductively coupled plasma 
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mass spectrometry to detect seven critical metals (including 
iron, copper, and zinc) and selenium in plasma samples from 
AD and matched control cases to see if metal dysregulation 
might be used to generate biomarkers in AD. Plasma metal 
levels did not differ between cases and controls in the entire 
research group or among female patients. In men, however, 
there was some evidence that Zn levels in AD were trend-
ing upward as compared to controls. In short, these findings 
imply that changes in plasma metal levels associated with 
AD may differ between genders (Xu et al. 2018).

Releasing Cu trapped by amyloid (or tangles) or facili-
tating their uptake into tissue may have a number of ben-
eficial effects in AD, but based on the data, it is difficult to 
assign the recorded benefits to metal ions. In comparison 
to Fe, where a type of controlled cell lethality called fer-
roptosis could be at play, impaired extracellular Cu turnover 
could likely lead to amyloid formation and neurophysiologi-
cal dysfunction; however, it is not yet clear how this could 
propel neurodegeneration. A vast number of contradictory 
findings have been presented on the changes or role of Zn 
in AD. Zinc supplementation caused Aβ deposition as well 
as decreased spatial memory in APP/PS1 mice, but had no 
effect on Tg2576 mice (Vilella et al. 2020). Dietary Zn dep-
rivation, on the other hand, increased plaque size in APP/
PS1 mice (Stoltenberg et al. 2007). In a drosophila model 
of AD overexpression Aβ, eye damage was seen, which was 
increased by zinc or copper supplementation but restored 
by zinc/copper chelators (Hua et al. 2011). Nutritional Zn 
deficiency is common in the elderly and worsens age-related 
cognitive loss in rodents, but zinc supplementation can assist 
(Sandusky-Beltran et al. 2017). In addition, Zn therapy 
was observed to delay hippocampal-dependent memory 
deficits and reduce Aβ in adult 3xTg-AD mice (Corona 
et al. 2010). A meta-analysis of clinical studies using zinc 

supplementation, on the other hand, found no indication of 
efficacy in the treatment of AD (Corona et al. 2010; Loef 
et al. 2012).

Releasing Zn and Cu trapped by amyloid (or tangles) 
or increasing their uptake into tissue could have a number 
of beneficial effects in AD, albeit based on the evidence, 
assigning the asserted benefits to each metal ion is problem-
atic. In contrast to Fe, where a type of regulated cell lethality 
known as ferroptosis may be at work, while low extracellular 
Zn and Cu turnover may contribute to the amyloid accumu-
lation and neurophysiological dysfunction, it is unclear how 
this may promote neurodegeneration.

Concluding Remarks

The physiological processes of the brain rely on metal ion 
homeostasis. Metal ions and their transporters have been 
found to be unbalanced in AD patients and animal models 
of AD. Furthermore, the homeostasis of these metals in the 
brain changes with age, which could explain why age is the 
leading risk factor for AD. Abnormal metal accumulation 
in various CNS regions can disrupt mitochondrial function, 
resulting in oxidative stress, which can lead to the excessive 
production of reactive oxygen species (ROS) and conse-
quently initiate a cascade of pathogenic events in the brain. 
Elevated or unbalanced metal ions can generate or aggravate 
Aβ overproduction, tau hyperphosphorylation, and Aβ/tau 
aggregation in AD by regulating particular protein kinases 
and/or phosphatases or β-, α-, γ-secretases or producing oxi-
dative stress. The plaques in AD are mostly made up of Aβ 
peptides and trace metals like Zn2+, Cu2+, and Fe2+. Metal 
chelators reduce the overall pool of bioavailable metals or 
compete for metal ions as ionophores with the endogenous 

Table 3   Copper chelation therapy used in clinical trials in AD patients

Drug Trial phase Patients 
enrolled

Status Conclusion Reference

D-penicillamine NA 34 Terminated There was no difference in the rate of cognitive 
deterioration. Adverse events observed were 
gout and a reduction in WBC

(Squitti et al. 2002; Baldari et al. 2020a)

PBT2 2 78 Completed There was no overall effect on cognition or 
memory. Adverse effects observed were dizzi-
ness, headache, somnolence, nasopharyngitis, 
and fatigue (urosepsis and transient ischemic 
attack were observed in one man and one 
woman, respectively)

(Sampson et al. 2012; Drew 2017; 
Baldari et al. 2020a)

Clioquinol 2 36 Abandoned Between the active treatment and placebo 
groups, there was no statistically significant 
difference in cognition or memory. Adverse 
events observed were syncope and impaired 
visual acuity (in a woman with a history 
of hyperlipidaemia, hypertension, visual 
migraine, and glaucoma)

(Sampson et al. 2012)
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ligand. As a result, metal chelation therapy for AD may now 
be regarded as a promising clinical treatment option. How-
ever, employing excessive doses of chelators still carries 
the danger of aggravating the illness. More clinical studies 
are needed to provide a more comprehensive view of intra-
cellular metal trafficking, particularly in mitochondria, and 
a mechanistic interpretation of the effects of chelators, in 
order to improve our understanding of these neurodegenera-
tive disorders and develop new therapeutic strategies. Also, 
measuring metal co-regulation in plasma may provide a 
useful depiction of metal disturbances occurring in the AD 
brain and hence could be useful as plasma-based biomarkers. 
However, only a limited number of studies are available on 
these metal-co-regulating biomarkers in body fluids. Thus, 
more research is required to explore biomarker-based diag-
nostic strategies for early prediction and diagnosis of AD. 
Furthermore, more research is also needed to establish the 
metal chelation process in vivo and to develop potential anti-
AD medicines that not only sequester metal ions but also 
limit Aβ aggregation by competing with metal ions, reducing 
metal-induced oxidative damage and neurotoxicity.
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